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Abs t r a c t  

L' 

Protons wi th  energies  E > 135 Kev were observed i n  the  t a i l  of t he  

magnetosphere following t h e  f l a r e  of July 7 ,  1966. These protons have an 

i s o t r o p i c  p i t c h  angle d i s t r i b u t i o n .  The maximum i n t e n s i t y  of t h e  protons 

reached - 1.2 x lo4  /cm2 s e c  s t e r ) - '  for  p a r t i c l e s  with P > 15 MV between 

1000 and 1100 UT and 1400 and 1500 UT J u l y  8, 1966. The energy spectrum 

of the protons expressed a s  an exponential  i n  momentum i n d i c a t e s  a monotonic 

so f t en ing :  t h e  c h a r a c t e r i s t i c  r i g i d i t y ,  Po, changing from about 50 t o  10 M V .  

An hour long excursion of t h e  s a t e l l i t e  i n t o  the magnetosheath during the 

peak of t h e  proton f l u x  showed t h a t  the proton i n t e n s i t y  i s  lower i n  the 

magnetosheath than i n  the  magnetosphere by a f a c t o r  of two. The observed 

p i t c h  ang le  d i s t r i b u t i o n  is  f l a t  i n  both regions.  
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In t roduc t ion  

On J u l y  7 ,  1966 a t  0023 UT an importance 2B f l a r e  occurred a t  N36, 

W48. The f l a r e  was accompanied by x-ray and type I V  r a d i o  n o i s e  emission 

(Cline e t  a l . ,  1968; Van Allen, 1967). 

On J u l y  8 a t  0500 a s e c t o r  boundary corresponding t o  a + t o  - f i e l d  

p o l a r i t y  change w a s  observed t o  p a s s  (Ness and Taylor,  1967). Electrons 

from t e n s  of kev energies  t o  r e l a t i v i s t i c  w e r e  observed a t  1 AU about 0058 UT 

(Cline and McDonald, 1967; Lin e t  a l . ,  1967). Protons from 0.3 Mev t o  t ens  

of Mev and 2-17 Mev cy p a r t i c l e s  were observed s t a r t i n g  a t  0155 UT (Armstrong 

e t  a l . ,  1967; Lin e t  a l . ,  1967). Protons with energies  g r e a t e r  than 15 Mev 

displayed a c h a r a c t e r i s t i c  d i f f u s i v e  t i m e  p r o f i l e  with a peak a t  about 0700 UT 

J u l y  7 ,  whi le  lower energy protons and e l e c t r o n s  i n  the t ens  of Kev range 

exh ib i t ed  a secondary peak a t  about 1200 UT J u l y  8. (F ich te l  - . ~  and McDonald, 

1967; L in  e t  a l . ,  1967). This behavior of low energy protons and e l e c t r o n s  

has been i n t e r p r e t e d  as being due t o  the supe rpos i t i on  of an ordinary d i f f u s i v e  

component and t h e  subsequest passage of co - ro t a t ing  f i e l d  l i n e s  onto which 

these  p a r t i c l e s  were d i r e c t l y  in j ec t ed  following the f l a r e .  

The purpose of t h i s  s tudy i s  t o  extend observat ions of low energy protons 

down t o  135 Kev, t o  obtain energy s p e c t r a  between 135 Kev and 1.6 MeV, and 

t o  s tudy  t h e  e f f e c t  of the magnetopause on t h e  propagation of low energy 

s o l a r  protons.  

-I Instrumentat ion 

The d e t e c t o r  used i n  t h i s  s tudy is a ZnS s c i n t i l l a t i o n  counter  which can 

measure i n t e g r a l  proton i n t e n s i t i e s  i n  t h e  energy range between 100 Kev and 

1 .6  MeV. The s a l i e n t  f ea tu re s  of the d e t e c t o r  a r e  shown i n  Table 1. 
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TABLE I 

. 
c 

Low Energy 
c u t  Off 

(Kev) 

105 

135 

195 

285 

380 

380 

1000 

1650 

Geometric Factor 
(cm2 s t e r )  

3 . 5  

7 . 1  10-3 

7 . 1  

7 . 1  10-3 

7 . 1  

4 . 9  

Super 
Commutation 

s i n g l e  

3- fo ld  

2-fold 

2-fold 

s i n g l e  

s i n g l e  

7.1 s i n g l e  

7 . 1  s i n g l e  

Omnidirectional pene t r a t ing  protons - 22 MeV. Look angle - 11'. 
The v a r i a t i o n  i n  low energy cut-offs i s  achieved by in t e rpos ing  var ious 

thicknesses  of n i c k e l  f o i l  absorber i n t o  t h e  inc iden t  beam. In  order  t o  

o b t a i n  measurements a t  var ious p i t ch  angles t h e  d e t e c t o r  w a s  mounted i n  

the  scanning OPEP (Orb i t a l  plane experimental package) on OGO 3. The OPEP 

scans through 220° every 2.46 minutes. During t h i s  i n t e r v a l  two complete 

energy s p e c t r a  can be obtained. In  addi t ion t h e  > 135 Kev channel i s  super- 

1 commutated t h r e e  f o l d  t o  permit improved angular r e so lu t ion .  

Analysis 

The o r b i t  of OGO 3 had an apogee of 20.1 Re, an i n c l i n a t i o n  of 33' t o  

t h e  e q u a t o r i a l  plane and an o r b i t a l  period of 48 ho.c;rs. 

of  J u l y  t h e  semi-major a x i s  w a s  a t  2000 LT s o  t h a t  the s a t e l l i t e  was 

A t  the  beginning 
4 

v i r t u a l l y  w i t h i n  t h e  geomagnetic t a i l .  Figure 1 shows the s a t e l l i t e ' s  

o r b i t  i n  solar magnetospheric co-ordinates i n  r e l a t i o n  t o  a t h e o r e t i c a l  
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magnetopause (Mead and Beard, 1964). A t  t h e  time of t h e  f l a r e  (F) t he  

s a t e l l i t e  was pas t  per igee ,  heading i n t o  t h e  t rapping  region. The onse t  

of t h e  second peak of t he  low energy protons on J u l y  8, 1966 occurred when 

the  s a t e l l i t e  w a s  again approaching per igee and was located c lose  t o  the  

v 

P magnetopause. Indeed, as w i l l  be  seen l a t e r ,  t he  magnetopause swept p a s t  

t h e  s a t e l l i t e  dur ing  the  period of peak l o w  energy proton f luxes ,  thus 

permi t t ing  observat ions of s o l a r  protons i n  t h e  t r a n s i t i o n  region. The 

sudden commencement (SC) occurred when the  s a t e l l i t e  was again pas t  per igee  

and produced no observable  e f f e c t s  on the protons. 

Figure 2 shows t he  time h i s t o r y  of t h e  s o l a r  proton event as  i t  was 

seen by t h e  s c i n t i l l a t i o n  counter. The s o l i d  l i n e  r ep resen t s  hourly averages 

of t h e  pene t r a t ing  omnidirect ional  proton count r a t e  while the  dashed l i n e  

shows the  d i r e c t i o n a l  count r a t e  fo r  protons wi th  E > 135 Kev. The four  

pe r iod ic  peaks i n  the  diagram a r e  t r a n s i t i o n s  through the  r a d i a t i o n  b e l t s .  

The onse t  of t he  event occurred dur ing  the  f i r s t  hour of J u l y  7 ,  and f o r  

pene t r a t ing  protons (> 22 MeV) shows the t y p i c a l  behavior of s o l a r  proton 

events .  The l o w  energy protons d i sp lay  a peak on J u l y  8, 1966. 

F igure  3 shows hour ly  averages of t he  i n t e g r a l  proton i n t e n s i t i e s  during 

t h i s  peak a f t e r  s u b t r a t i o n  of t he  penetrat ing background. The o v e r a l l  

p i c t u r e  is  t h a t  of a slow i n i t i a l  r i s e  f r o m  1800 UT, Ju ly  7 t o  0800 UT 

J u l y  8 when t h e r e  i s  a sharp,  f a c t o r  of e i g h t ,  i nc rease  f o r  the low energ ies  

which, w i th  the  except ion of a drop a t  about 1200 UT, p e r s i s t s  u n t i l  1600 UT 

J whereupon t h e r e  i s  a sharp  drop i n  t h e  i n t e n s i t y .  The l e v e l  reached i s  

somewhat h ighe r  than before  0800 J u l y  8. A glance a t  t h e  i n t e n s i t i e s  of 

va r ious  energy channels i n d i c a t e s  t h a t  the  spectrum i s  sof ten ing  wi th  t i m e .  
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Several t y p i c a l  s p e c t r a  a r e  shown i n  Figure 4.  

find some simple parameter to  desc r ibe  t h e  s p e c t r a l  form f o r  t he  whole t i m e  

period i n  quest ion.  

J u l y  8, could be obtained by an exponential i n  momentum. 

An attempt w a s  made t o  

A good f i t ,  p a r t i c u l a r l y  f o r  t he  time a f t e r  1200 UT 

Figure 5 shows t h e  b e s t  f i t t i n g  e-folding momentum Po and the i n t e g r a l  

i n t e n s i t y  of protons above 15 Mv. ( E  > 120 kev) 

the  so f t en ing  of t he  spectrum which occurs v i r t u a l l y  independent of changes 

i n  the  i n t e g r a l  f l ux .  I n  our ana lys i s  w e  have lumped together  a l l  p a r t i c l e s  

with d i f f e r e n t  p i t c h  angles.  This procedure i s  j u s t i f i e d  because the p i t c h  

angle d i s t r i b u t i o n  i s  nea r ly  i so t rop ic .  This f a c t  i s  presented i n  Figure 6. 

Because of t h e  l o c a t i o n  of t he  s a t e l l i t e  w e  assumed t h a t  t h e  magnetic f i e l d  

l i n e s  were aligned roughly along t h e  r a d i a l  d i r e c t i o n  from the  sun. The 

diagram shows t he  low energy proton i n t e n s i t y  ( E  > 135 Kev) averaged over 

t h e  period from 0800 t o  1700 UT and plot ted as a funct ion of p i t ch  angle. 

From t h i s  we can s e e  t h a t  t h e  f lux  i s  v i r t u a l l y  omnidirectional within t h e  

1 i m i  t s of angular ob s e r v a t  ion.  

The f i g u r e  c l e a r l y  d i sp l ays  

A s  w a s  shown i n  Figure 1 t h e  s a t e l l i t e  w a s  c l o s e  t o  t h e  t h e o r e t i c a l  

magnetopause on July 8. 

magnetopause on t h e  l o w  energy protons. Figure 7 shows 10 minute averages 

of t h e  proton count ra te  between the  hours of 0600 and 1700 UT J u l y  8. 

Below t h e  proton i n t e n s i t i e s  a r e  indicated the  t i m e s  when t h e  s a t e l l i t e  

w a s  a l t e r n a t e l y  w i t h i n  t h e  t a i l  and the t r a n s i t i o n  region. The two regions 

were def ined by t h e  magnetometer flown by J .  P .  Heppner on OGO 111. 

Chronologically,  t he  s a t e l l i t e  w a s  i n  the t r a n s i t i o n  region between 2300 UT 

J u l y  7 and 0730 UT July 8, and between 1100 and 1230 UT J u l y  8. 

This raises the ques t ion  of t h e  e f f e c t  of the 

The f i r s t  
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excursion of t h e  s a t e l l i t e  i n t o  t h e  magnetosheath occurred while t he  

proton f l u x  w a s  q u i t e  low and the re fo re  i t  i s  no t  c l e a r  whether t h e r e  w a s  

any apprec iab le  e f f e c t  of t h e  magnetosheath on t h e  s o l a r  proton f lux .  The 

second pene t r a t ion  i n t o  t h e  magnetosheath occurred v i r t u a l l y  a t  t h e  peak of 

the l o w  energy f l u x  and coincides  i n  t i m e  with a f a c t o r  of 2 decrease i n  

t h e  low energy f lux .  I t  should b e  noted t h a t  i f  the depression i s  indeed 

caused by t h e  magnetosheath, then the modulation i s  i n  e f f e c t  mainly f o r  

protons with energies  less than 1 MeV and is  much l e s s  pronounced f o r  g r e a t e r  

than 1 .6  Mev protons.  

p i t c h  angle  d i s t r i b u t i o n  remained f l a t .  

During the penetrat ion i n t o  t h e  magnetosheath the  

Discussion 

The l o w  energy protons described above were observed i n  the  t a i l  of 

t h e  magnetosphere. 

be of t h e  "island" type (Konradi, 1966; Armstrong and Krimigis, 1968) 

r epor t ed  ear l ier .  While t h e  i n t e n s i t i e s  of protons above 100 Kev are 

One can ask the quest ion whether t hese  protons may not  

comparable, t h e  s p e c t r a  are q u i t e  d i f f e r e n t .  Indeed, e-folding energies  

r epor t ed  f o r  i s l a n d  protons are  less than 85 Kev and more l i k e  40-20 Kev. 

In  our c a s e  i f  an exponent ia l  i n  energy is  f i t t e d  t o  the  d a t a ,  t he  e - fo ld ing  

energy i s  about 500 Kev (12 UT). This i s  a spectrum more t y p i c a l  of protons 

a t  L - 2.5 (Davis and Williamson, 1962;  Armstrong and Krimigis, 1968). I n  

a d d i t i o n ,  low energy protons were observed t o  peak a t  about the same t i m e  

as t h o s e  i n  i n t e r p l a n e t a r y  space observed on Explorer 33 and IMP 3 (TAn e t  .?_le, 

1967; Armstrong e t  a l . ,  1967). 

Addit ional  support ing evidence can be obtained from comparison of peak 

proton i n t e n s i t i e s .  
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The peak i n t e n s i t i e s  of > .5 Mev protons i n  IMP I11 and > . 3  Mev 

protons on Explorer 33 (Lin e t  a l .  1967) compare q u i t e  w e l l  with our own 

* peak i n t e n s i t i e s  of > 380 Kev protons : 8 x lo3  (cm2 sec  s t e r ) - '  versus 

7 . 3  x lo3 (cm2 sec  s t e r ) ' l .  Low energy so la r  protons w e r e  a l s o  observed 

r by d e t e c t o r s  on Injun I V  over the  polar  caps. (Krimigis e t  a l . ,  1967).  

These protons seem t o  t r a c k  i n  time those observed by the  U. of I. d e t e c t o r  

on Explorer 33 very w e l l .  However, t h e r e  i s  no d a t a  m a i l a b l e  about the peak 

proton i n t e n s i t i e s  during t h e  maximum of t h i s  event.  I f  we apply the 

observed r a t i o  of 10 between the Explorer 33 and Injun I V  count r a t e s  t o  the 

Explorer 33 count rates w e  come out with i n t e n s i t i e s  a t  1 x 10 

f o r  E > .5 Mev protons a t  the  peak of the event which a r e  also i n  reasonable 

4 (cm2 sec  s t e r ) - '  
, 

agreement wi th  our da ta .  Thus, i t  is very probable t h a t  we a r e  sampling 

s o l a r  protons wi th in  the  t a i l  of the magnetosphere. 

I n  the following d i scuss ion  we s h a l l  adopt t he  i n t e r p r e t a t i o n  of the 

l o w  energy proton event presented by Lin e t  a l .  (1967) and consider our own 

observat ions i n  the  l i g h t  of t h a t  i n t e rp re t a t ion .  

B r i e f l y ,  the i n t e r p r e t a t i o n  given t o  the observed l o w  energy f lux  is  

t h a t  a t  t he  time of t h e  f l a r e  and f o r  some time afterward low energy s o l a r  

e l e c t r o n s  and protons were i n j e c t e d  d i r e c t l y  onto co - ro t a t ing  f i e l d  l i n e s  

a t  the  point  of production and trapped on those f i e l d  l i n e s  because of the 

very low t r a n s v e r s e  d i f f u s i o n .  

Thus the  observed p a r t i c l e s  present a s p a t i a l  profi . le of the region on 

- t h e  sun r e spons ib l e  f o r  t he  in j ec t ion .  This p r o f i l e  c o n s i s t s  of a ha lo  

formed by 3 - 15 MeV protons and a very narrow low energy e l e c t r o n  core 

overlapped by a somewhat l e s s  narrow proton core due t o  - . 3  Mev protons. 
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Figure 3 shown the  h a l o  and the core  of t h e  low energy protons as  

seen by our de t ec to r .  

E > 1.6 Mev and extends from 1800 UT J u l y  7 t o  0000 UT J u l y  9, The core,  

composed of protons with E (  1 .3  MeV., begins a t  about 0700 UT J u l y  8 and 

extends a l s o  t o  0000 UT Ju ly  9. It has a complex s t r u c t u r e  cons i s t ing  of 

a peak from 0700 UT t o  1600 UT J u l y  8 and a wing s t r e t c h i n g  t o  0000 UT 

J u l y  9. 

a t  1100 UT J u l y  8 is  an e f f e c t  of the magnetosheath and not  due t o  the  core 

s t r u c t u r e .  

The h a l o  i s  c l e a r l y  out l ined  by protons with 

As mentioned e a r l i e r ,  t h e  d i p  i n  the  l o w  energy proton i n t e n s i t y  

The l o w  energy protons wi th in  the  core  e x h i b i t  a w e l l  defined so f t en ing  

of the  spectrum. I f  we approximate the  s p e c t r a  i n  the  core  by an exponential  

of t he  form e Eo w e  can determine the behavior of Eo as a function of time. 

A p l o t  of Eo vs  t i n d i c a t e s  t h a t  i n  the  core  the  r e l a t i o n s h i p  t - to = Eo 

is  a good approximation w i t h  to = 1.9 hours UT Ju ly  8, 1966 and 

a! = 4900 KeV-hrs. These r e s u l t s  not only lead t o  decay times which a r e  

completely d i f f e r e n t  from those i n  the ha lo  (Lin e t  a l . ,  1967) but a l s o  

i n d i c a t e  t h a t  f o r  an ex t r apo la t ion  to t = to the  spectrum must have been 

completely f l a t .  

t h a t  what w e  are see ing  is a spectrum whose hardness depends on the p o s i t i o n  

of t he  f i e l d  l i n e  wi th in  the  co-rotat ing core.  Thus the  western edge of t h e  

core  con ta ins  a higher  r a t i o  of high energy t o  low energy protons than  the  

eastern edge. 

is  based on an ex t r apo la t ion  - a notor iously dangerous procedure. 

i f  o t h e r  s p e c t r a l  forms a r e  f i t t e d  t o  t h e  da t a ,  one s t i l l  a r r i v e s  a t  s p e c t r a l  

E - 
a - 1 

T h i s  is most unl ikely and thus we a r e  led t o  the  conclusion 

I n  a l l  f a i r n e s s ,  it m u s t  be pointed out t h a t  t h i s  argument 

However, 

parameters which are unreasonable i f  ex t r apo la t ions  a r e  c a r r i e d  out t o  the  

beginning of J u l y  8, 1966. 
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Another poss ib l e ,  though less l i k e l y ,  explanat ion would be t h a t ,  

indeed, be fo re  J u l y  8, 1966 the  core did not e x i s t  as a sepa ra t e  e n t i t y  

but was  formed on t h a t  day. In t h i s  case the so f t en ing  of t h e  spectrum 

could be a t t r i b u t e d  t o  t i m e  decay. 

Two a d d i t i o n a l  f e a t u r e s  of t he  l o w  energy protons observed i n  t h i s  

i so t ropy  of  t h e  incident  f l u x  both i n  t h e  magnetosheath and s tudy are: 

i n  t h e  t a i l ,  and a re la t ive  depression of the proton i n t e n s i t y  i n  t h e  

magnetosheath. Since previously reported r e s u l t s  (Armstrong e t  a l .  1967) 

i n d i c a t e  very pronounced an i so t rop ie s  of low energy protons i n  i n t e r p l a n e t a r y  

space our observat ions need explanation. We s h a l l  t r y  i t  by looking a t  

models of t he  magnetosphere. 

To see whether any f i e l d  l i n e  re-connection between the i n t e r p l a n e t a r y  

and t h e  goemagnetic f i e l d  can be expected (Dungey, 1961) we have converted 

t h e  published d i r e c t i o n  of t h e  in t e rp l ane ta ry  magnetic f i e l d  (Ness and Taylor, 

1967) t o  geomagnetic coordinates .  The results i n d i c a t e  t h a t  t h e  magnetic 

f i e l d  had a northward component between 1000 UT and 2100 UT and the re fo re  i t  

seems impossible t o  e s t a b l i s h  a re-connection during t h a t  period and the 

magnetosphere must have been closed. 

However, if w e  are dea l ing  with a closed magnetosphere (Piddington, 1962,1963, 

Dessler, 1964, m e i t e r  e t  a l . ,  1966, Dryer and F a y e - P e t e r - ,  1966, Alskne, 

. 1967, F a i r f i e l d ,  1967) w e  assume t h a t  t h e  low energy protons must enter i t  

through t h e  fa r  o f f  t a i l .  Disturbances i n  the t a i l  f i e l d  could cause t h e  

f l u x  t o  become i s o t r o p i c .  Protons found i n  the  t r a n s i t i o n  region can follow 

f i e l d  l i n e s  which are draped around t h e  magnetosphere. Since t h e  magneto- 

shea th  i s  a region of d i s t u r b e d  magnetic f i e l d  i t  i s  reasonable t h a t  s c a t t e r i n g  
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out of low energy protons could take place and thus ieotropize and decrease 

the flux. Calculations using the observed power spectra of the magnetic 

f ie ld should test the reasonableness of th is  hypothesis. 
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FIGURE CAPTIONS 

1. Pro jec t ion  of t h e  sa te l l i t e  o r b i t  onto t h e  s o l a r  magnetospheric 

e q u a t o r i a l  plane. The pos i t i on  of the s a t e l l i t e  during 

the  f l a r e  (F)  and t h e  subsequent sudden commencement (SC) are a l s o  

ind ica t ed .  The open curve on top represents  t h e  Mead-Beard boundary. 

2. Ion Electron d e t e c t o r  response t o  s o l a r  protons from t h e  f l a r e  of 

J u l y  7 ,  1966. Dashed l i n e  represents  protons wi th  E > 140 Kev plus 

omnidirect ional  background, while  the s o l i d  l i n e  corresponds t o  the 

omnidirect ional  background (- 20 MeV) alone. The pe r iod ic  peaks a r e  

t r a n s i t i o n s  through the  t rapping region. 

3 .  Hourly averages of t h e  count r a t e  of l o w  energy protons a f t e r  background 

s u b t r a c t i o n .  

4. Typical low energy proton s p e c t r a  p lo t t ed  as a func t ion  of proton r i g i d i t y .  

5 .  T i m e  p l o t  of t h e  i n t e g r a l  proton i n t e n s i t y  above 15 MV (- 120 KeV) and 

the  e-folding r i g i d i t y  Po. 

P i t c h  angle  d i s t r i b u t i o n  of t he  low energy protons as a function of t h e  

sun-detector  angle. 

6. 

7.  Ten minute averages of s e v e r a l  l o w  energy proton channels as a funct ion 

of t i m e .  The ba r s  along the  s i d e s  of t h e  diagram i n d i c a t e  the  magnitude 

of t h e  e r r o r s  due t o  s t a t i s t i c s .  A l s o  shown i s  the  pos i t i on  of the 

s a t e l l i t e  with r e spec t  t o  t h e  boundary of t h e  magnetosphere as determined 

from t h e  magnetometer da t a .  
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